Introduction
The functions of a multicellular organism are regulated via multiple forms of cell-to-cell interactions involving humoral signalling by secreted molecules and contact communication between closely positioned cells. Contact intercellular communication can be mediated by membrane-anchored ligand/ receptor pairs (Gumbiner, 1996; Redies and Takeichi, 1996) or by direct cytoplasmic coupling through gap junctions (Caveney, 1985; White and Paul, 1999) . As an example, signalling by the membrane-anchored receptor/ligand pair, Notch and Delta, was shown to play a fundamental role in the neuronal cell fate decision in a variety of species (Muskavitch, 1994; Chitnis et al., 1995; Myat et al., 1996; de la Pompa et al., 1997) . The interaction of these factors leads to the repression or expression of neurogenic genes and, consequently, can induce or inhibit the neuronal commitment in individual cells (Beatus and Lendahl, 1998) . The importance of direct cytoplasmic coupling in early neural differentiation is indicated by the fact that in the primary germinative layer of the neural tube, clusters of neuroectodermal cells are interconnected by gap junctions (Lo Turco and Kriegstein, 1991; Bittman et al., 1997) ; and the type and distribution of connexins, the main protein components of gap junctions, change in the course of neurogenesis in vivo (Nadarajah et al., 1997) and in vitro (Rozental et al., 1998) . These studies indicated that gap junctions may be involved in the control of cell proliferation (Bittman et al., 1997; Owens and Kriegstein, 1998) and differentiation (Bani-Yaghoub et al., 1999a, b) .
The humoral effects, the complexity of the structure and the non-synchronous cellular development hinder the understanding of the events of the early commitment of neural stem cells in situ. In vitro induced neurogenesis by neural progenitors can provide suitable models for studies on the developmentregulating mechanisms of contact signalling. As an in vitro approach, the formation and role of cell-to-cell contacts were investigated during the in vitro induced neurogenesis of an immortalized neuroectodermal progenitor cell line, NE-4C .
The NE-4C neuroectodermal progenitor cell line was derived from the anterior brain vesicles of 9-day-old embryos of p53-deficient mice (Living-0171-9335/02/81/07-403 $15.00/0 1) Dr. EmÌlia Madara ¬ sz, Institute of Experimental Medicine, Hungarian Academy of Sciences, Szigony u. 43, H-1083 Budapest/Hungary, e-mail: madarasz@koki.hu, Phone/Fax: 36 12 10 99 66. stone et al., 1992) . The one cell derived NE-4C cells differentiate into neurons and astrocytes upon treatment with all-trans retinoic acid (RA). The neuronal differentiation of NE-4C cells proceeds through well-defined stages as has been characterized by several morphological and molecular features (Schlett et al., , 2000 Jelitai et al., 2002; Herberth et al., 2002) . The first neurons appear on the 3 rd day after induction, and a dense network of morphologically differentiated neurons develops by the 7 th day . Cells with astroglial characteristics appear in the vicinity of neuronal cells by the 10 th to 12 th day of RA induction. Cells with non-defined phenotype, however, persist throughout the entire induction period. The diverging cell fates within the population of NE-4C cells indicate that local cues are at work during the in vitro induced neural differentiation.
As shown previously (Schlett et al., 2000) , in vitro neuron formation started with a transient aggregation of RA-treated NE-4C cells. The formation of aggregates indicated the importance of three-dimensional contacts in neuronal cell fate decision. In the present study, immediate cell-to-cell interactions were investigated in developmental stages preceding large scale neuron formation.
Materials and methods

Maintenance of NE-4C cells
NE-4C cells were maintained in Minimum Essential Medium (MEM, Sigma, Hungary) supplemented with 5% fetal calf serum (FCS, GibcoBRL, UK), 4 mM glutamine (Sigma, Hungary) and 40 mg/ml gentamycin (Sigma, Hungary), at 37 8C with 5% CO 2 . Semi-confluent cultures were regularly split in 1 to 4 by trypsinization and re-plated into culture dishes coated with poly-L-lysine (PLL, Sigma, Hungary).
Treatment with all-trans retinoic acid (RA)
Stock solutions of 10
À2 M all-trans retinoic acid (Sigma, Hungary) dissolved in DMSO were stored in liquid air. A working solution of RA (10 À4 M) dissolved in MEM was stored in the dark at 4 8C, and was diluted directly into the medium of the cells to the final concentration of 10 À6 M. Supplementation with RA was repeated when fresh medium was added.
Disruption of cellular connections
Cultures were treated with 3 mM ethylenediaminetetraacetic acid (EDTA) (Sigma, Hungary) in serum-free MEM, for 1 minute. Singlecell suspensions were obtained by mild agitation afterwards. Cells were replated onto PLL-coated surfaces in cell densities required for the experimental design.
Electron microscopy
Cells grown on PLL-coated coverslips were fixed with a mixture of 1% glutaraldehyde, 1.5% paraformaldehyde, 1% sucrose, 2 mM CaCl 2 in 0.1 M sodium cacodylate buffer for 1 hour, at room temperature. After rinsing, cells were post fixed with 0.5% OsO 4 in 0.1 M sodium cacodylate buffer for 1 h, stained with 2% aqueous uranyl acetate for 30 min, dehydrated in ethanol and embedded in Araldite resin. The coverslips were removed by rapid freezing with liquid nitrogen. Ultrathin sections (70 ± 90 nm) were treated with uranyl acetate for 20 min and lead citrate for 8 min, and examined with a JEOL CX II-100 electron microscope.
Immunocytochemistry
Cells grown on 12-mm coverslips in 24-well plates were fixed with 4% paraformaldehyde (Taab; w/v in PBS) for 20 min, at room temperature. After rinsing, cells were permeabilized with 0.1% Triton X-100 for 5 minutes. Non-specific antibody binding was blocked by incubating with 5% FCS in PBS (PBS-FCS) for 1 hour at room temperature. Primary antibodies, anti-neuron-specific IIIb-tubulin (mouse, kindly provided by P. Draber) (Draberova et al., 1998) , anti-NeuN (monoclonal mouse IgG1, Chemicon, CA, USA), anti-ECAD (Sigma, Hungary) or anti-pan-CAD (Sigma, Hungary) were diluted in PBS-FCS and used at a dilution of 1 : 1000 at 4 8C overnight. Anti-mouse IgG conjugated with FITC (Sigma, Hungary) was employed in a dilution of 1 : 500 for 1 hour at room temperature. Preparations were mounted with Mowiol (Polysciences, Germany) onto microscopic slides and were investigated under a Leitz Laborlux K microscope with fluorescence optics. Biotin-conjugated anti-mouse Igs (Sigma, Hungary) were used in a dilution of 1 : 1000 and immunoreactivity was visualized by the ABC method (Vector, CA, USA). Control samples were processed as above, except that the first layer antibodies were omitted.
Forced aggregation of NE-4C cells
Cells were grown in Erlenmeyer flasks coated with Repel silane (2% dimethyl-dichloro-silane dissolved in 1,1,1-trichloroethane, Sigma, Hungary) at 10 5 cells/ml in the presence or absence of 10 À6 M RA. The flasks were equilibrated with 5% CO 2 and kept at 37 8C in a shaking water-bath (60 rpm) for 1, 2 or 3 days. After the aggregation period, the cells were plated into PLL-coated tissue culture dishes.
Cell viability
Overall viability of cultures was determined measuring reductive capacity according to Mosmann (1983) . Briefly, cells grown in 96-well plates were treated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, Hungary) in a final concentration of 250 mg/ml. After a 2-hour incubation, cells and formazan crystals were dissolved in acidic (0.08 M HCl) isopropanol (Merck, Hungary). Optical density was determined at a measuring wavelength of 570 nm against 630 nm as reference with an SLT 210 ELISA reader. Assays were carried out on 8 parallel wells. The viability data were expressed as means and standard deviations.
Determination of the number of decaying cells
Semi-thin (0.5 mm) sections were cut from samples embedded in Araldite (see above) and stained with toluidine blue (Merck, Hungary). Cells with round, lightly stained (™healthy∫) or with shrunk, dark blue nuclei (™decaying∫) were counted separately in at least 10 cell aggregates obtained from the same treatment group. The number of decaying cells was related to the total number of cells found in the section of a given aggregate. Mean and standard deviation were calculated from 3 independent series of cultures.
Estimation of the average N-tubulin content in the cultures by in situ ELISA
The relative amount of N-tubulin was determined on fixed microcultures using in situ ELISA, as described by Doherty et al. (1984) , with slight modifications by Madara ¬ sz (1987) . Briefly, cells were grown on 96-well plates. Half of each plate (48 cultures) was fixed for ELISA, and the number of viable cells was determined on the other half, using the MTT method (see ™Cell viability∫). The content of N-tubulin was normalized to the number of viable cells.
For in situ ELISA, cultures were fixed with 4% paraformaldehyde (Taab; w/v in PBS) for 20 min at room temperature. After rinsing, cells were permeabilized with 0.1% Triton X-100 for 5 minutes. Non-specific antibody binding was blocked by incubating with 5% FCS in PBS for 1 hour at room temperature. Antibodies against neuron-specific IIIbtubulin (mouse, kindly provided by P. Draber) were diluted in PBS-FCS and were used at a dilution of 1 : 2000 at 4 8C overnight. Anti mouse IgG conjugated with horseradish peroxidase (Sigma, Hungary) was employed in a dilution of 1 : 2000 at room temperature for 1 hour. The reactions were visualized by o-phenylene-diamine (OPD, Sigma, Hungary; 2 mg/ml dissolved in 25 mM citrate buffer (pH 5)) reaction in the presence of 0.03% H 2 O 2 . After 30 minutes, the reaction was stopped by adding an equal volume of H 2 SO 4 (4.5 M). Optical density was determined at a measuring wavelength of 492 nm against 405 nm as reference with an SLT 210 ELISA reader. In each experiment, immunoreactivity was calculated as the mean (and standard deviation) from 8 identically treated cultures grown on the same plate.
Electrophysiological recording and loading the cells with biocytin
Whole-cell responses were recorded with patch pipettes (7 ± 10 MW) from cells performing 1.5 ± 2 GW resistance seal. The internal solution contained (in mM) 140 KCl, 1 MgCl 2 , 10 HEPES, 0.1 EGTA (pH 7.2, 285 mOsm). Currents and voltages were recorded using the Axopatch 1D patch clamp amplifier (Axon instruments). Signals were low-pass filtered at 2 kHz, digitized at 10 kHz (Digidata 1200, Axon) and stored on an IBM PC. Data were analysed by using pClamp 6.0 software (Axon). The cells were continuously perfused at a rate of 2 ml/min with external recording solution containing (in mM) 138 NaCl, 5 CaCl 2 , 1 MgCl 2 , 5 KCl, 10 HEPES, 10 glucose, (pH 7.35, 315 mOsm).
In order to disconnect gap junction communication, 25, 50 or 100 mM 18b-glycyrrhetinic acid (GRA, Sigma, Hungary) or 25 or 50 mM carbenoxolone (CRX, Sigma, Hungary) was dissolved in the external solution and was applied by perfusion for 0.5 ± 1 min.
The measured cells and their coupled neighbours were visualized by intracellular loading with biocytin (0.1% w/v in internal solution) through the patch pipette for 5 minutes. After loading, the cultures were fixed and stained using the ABC (Vector, USA CA) method.
Blocking gap junction communication
The gap junction blockers 18b-glycyrrhetinic acid (GRA; Sigma, Hungary) and carbenoxolone (CRX, Sigma, Hungary), were dissolved in DMSO or distilled water, respectively (stock solution: 10 mM) and were diluted directly into the culture medium or into the external solution for electrophysiological assays to final concentrations between 25 and 100 mM. For long-term studies, the cells were maintained with daily-added 25 mM GRA for various periods ranging from 1 to 7 days.
Determination of the number of neurons
The number of IIIb-tubulin-positive cells was determined in 3-day-old cultures, and NeuN-immunoreactive cells were counted in 6-, 7-and 8-day-old cultures at 400Â magnification. Means and standard deviations were calculated from 30 microscopic fields in each of 3 equally treated cultures.
Results
In the period preceding the large-scale neuron formation of RA-induced NE-4C cells, three distinct developmental stages can be distinguished, each characterized by a distinct distribution of the cells. In the ™initial phase∫ (days 0 ± 1.5 after addition of RA), cells attach firmly to the substrate and compose small spots of epithelium-like monolayers. In the next ™aggregation phase∫ (days 2 ± 3), the majority of the cells aggregate and form compact assemblies of 20 to 50 cells. In the third ™migration phase∫ (days 3.5 ± 4.5) cells migrate out from the aggregates. The first primitive neuron-like cells appear inside the transient aggregates, while large-scale neuron formation takes place after the migration phase (Schlett et al., 2000) .
Cell aggregation per se does not induce neuron formation
The spontaneous aggregation of induced cells prompted us to investigate whether cell aggregation alone can initiate the neuronal commitment of NE-4C progenitors. NE-4C cells were forced to aggregate by growing in suspension above nonadhesive surfaces for 1, 2 or 3 days, in the presence or absence of RA. Under such conditions, NE-4C cells formed aggregates containing 100 to 300 cells, regardless of the presence of RA (Fig. 1) . After the forced aggregation, cell assemblies were plated onto adhesive surfaces and were maintained without RA for an additional period of 4 to 6 days ( Fig. 1c ± f) .
The aggregates formed in the presence of RA maintained their compact structure for at least 2 to 3 days after attachment (Fig. 1c) . Slow migration of cells led to the formation of a substrate-anchored monolayer around the aggregates. By the 6 th day after induction by RA, i.e. 4 days after the attachment, neuronal networks developed around and inside the remaining aggregates (Fig. 1e) . In contrast, the aggregates formed in the absence of RA did not maintain their compact structure when plated onto adhesive surfaces (Fig. 1d) and gave rise only to monolayers of non-differentiated cells (Fig. 1f) .
The neurogenetic potential of the aggregated cells was compared to non-aggregated RA-treated cultures, by estimating the frequency of N-tubulin-positive, process-bearing neurons on the 7 th day after induction (Fig. 1a) . In the case of aggregating the cells without RA, no neurons were observed. When the cells were aggregated in the presence of RA, high number of neurons developed.
The data demonstrated that in the absence of RA, aggregation of NE-4C cells per se did not initiate neuron formation, and the neurogenetic potential of RA-treated NE-4C cells was not significantly changed by forced aggregation.
RA facilitates the compaction of the aggregates and improves the viability of aggregated cells
In order to discover the main differences between the aggregates formed in the presence or absence of RA, the morphology of the aggregates was investigated by electron microscopy (Fig. 2) . The RA-treated aggregates contained apparently healthy cells 2 days after plating the aggregates onto adhesive surfaces (Fig. 2a) . The large number of processes with ordered bundles of microtubules and the presence of numerous growth cones indicated that intensive process outgrowth took place inside the aggregates (Fig. 2c) . When the cells were aggregated without RA, many apoptotic cells were seen inside the aggregates and also in the monolayers developed from the aggregates (Fig. 2b) . Counting the number of disintegrating nuclei revealed that forced aggregation in the absence of RA resulted in the decay of almost 50% of the cells. This decay was almost totally prevented by the presence of 10 À6 M RA (Fig. 2d) .
For neuron formation, cell-to-cell contacts are needed after, but not during the initial phase of differentiation As a first approach to elucidate whether cell contacts were needed for the initiation of neuronal differentiation, the formation of contact interactions between the cells were prevented or facilitated by plating the cells with different cell densities. NE-4C cells were plated at 25 000, 2500 or 250 cells/ cm 2 and treated with 10 À6 M RA for 24 hours. The number of neurons was counted on the 7 th day after plating. No neurons were formed when cells were plated at densities of 2500 cells/ cm 2 or less. The data confirmed our earlier findings that a critical cell density is needed for the RA-induced neuron formation of NE-4C cells, but gave no information whether contact interactions were necessary for the initiation and/or the continuation of the neuronal development.
In order to investigate whether contact interactions were demanded in the initial phase of induction, NE-4C cultures were dissociated into single cells after a 24-hour treatment with Fig. 1 . Cell aggregation leads to neuron formation only in the presence of RA. a. bIII-Tubulin-positive neurons were counted on the 7 th day after induction in cultures aggregated in the absence (~) or in the presence of RA (&) and in non-aggregated, but RA-treated cultures (*). The values show the frequency of microscopic fields containing a defined number (indicated on the abscissa) of neurons. The data were obtained from three independent cultures of each treatment group. b. In the 48-hour forced aggregation period, aggregates of similar size and compactness were formed regardless of the presence of RA. The aggregates formed in the presence of RA maintained their compact structure for at least 48 hours after plating to anchoring surfaces (c), and bIII-tubulin-positive neurons developed by the 4 th day after plating (e), i.e. 6 th day after induction. In contrast, the aggregates formed in the absence of RA (d, f) gave rise to rapidly migrating cells (d; 48 hours after plating), which later formed monolayers of non-differentiated cells (f; 4 th day after plating). Bars: 100 mm (b ± d), 15 mm (e), 20 mm (f).
RA. As NE-4C cells carry cadherins on their surfaces ± even though the cadherin composition changes with the advancement of neural development (Fig. 3) ± , short-term (1 min) depletion of Ca 2 by EDTA treatment was enough to dissociate the cell assemblies and to obtain suspensions of viable single cells from both non-induced and RA-induced cultures without enzymatically digesting the surface molecules.
The suspensions of single cells harvested from standard (25 000 cells/cm 2 ) RA-induced cultures were re-plated at different densities (250 000, 25 000, 2500 and 250 cells/cm 2 ) and were further cultivated for two days without RA. The number of neuronally committed cells was determined by counting N-tubulin-positive cells in cultures fixed on the third day after induction. In cultures re-plated at cell densities of In the presence of RA, aggregates contained healthy (a) processbearing cells with bundles of microtubules (asterisks) and numerous growth cones (arrows) (c). The pictures were taken on the 4 th day after induction. In the absence of RA (b), many cells displayed apoptotic features: dilatations between the inner and outer nuclear membranes (arrowheads) and condensation of chromatin (white asterisk). The frequency of decaying cells was determined from three independent series of cultures and presented as the mean and standard deviation of the percentage of the total number of cells (d) (*p < 0.01). Bars: 3 mm (a, b), 5 mm (c). 2 or less, no neuronally committed cells were found (Table I A) . With increasing re-plating cell densities, the number of N-tubulin-positive cells increased. Interestingly, neurons were found only in clusters and single cells apparently did not develop into neurons. The data demonstrated that for the development of neurons, cell-to-cell contacts were needed after the initial phase of RA-induced differentiation.
In order to determine whether critical cell densities were also needed for the initiation of neuronal differentiation, cultures were plated at 25 000, 12 500 or 2500 cells/cm 2 and treated with 10 À6 M RA for 24 hours. The cells were harvested by EDTA treatment and re-plated at 25 000 cells/cm 2 . After growing without RA for another two days, the number of neurons was determined. All cultures ± including those induced at a low density (2500 cells/cm 2 ) ± contained a relatively high amount of neurons (Table I B ). The observations indicated that neuronal differentiation could be initiated by a 24-hour treatment with RA, regardless of the cell density of the cultures. A critical density (approximately 25 000 cells/cm 2 ), however, was needed for neuron formation after the first 24 hours of induction. Cultures were plated at the indicated densities and were treated with RA for 24 hours. After the incubation with RA, cells were harvested and replated as indicated. The number of cells displaying N-tubulin was counted on the 3 rd day after induction on at least 30 microscopic fields at 400Â magnification. Data are presented as percentages of the values obtained from cultures replated (A) or initially plated (B) at 25 000 cells/cm 2 . 
Disruption of cell connections hinders or facilitates neuron formation depending on the developmental stage
Single cell suspensions were obtained by EDTA treatment (as described above) from cultures after a 24-hour (initial phase), 72-hour (late aggregation phase) or 96-hour (migration phase) period of neuronal induction. The suspensions were re-plated without changing the cell densities in the presence of RA. The number of neurons was determined on the 7 th day after induction by counting the NeuN-positive cells and by measuring the N-tubulin content of the cultures by in situ ELISA.
N-tubulin content was strongly reduced when cell connections were disrupted in the initial phase of RA-induced neuronal differentiation. Disruption of cell connections during the late aggregation or migration phases, however, resulted in elevated N-tubulin content (Fig. 4a) . The dense network of Ntubulin-positive neuronal processes raised the question, whether the observed increase was due to the elongation and branching of processes or to a real increase in the number of neurons. Therefore, the NeuN immunoreactivity of neuronal nuclei (Mullen et al., 1992) was used to determine the number of neurons. The number of neuronal nuclei also increased when cell connections were interrupted in the migration period (Fig. 4b) . The data showed that cell-to-cell interactions can facilitate or hinder the in vitro neuron formation depending on the developmental stage of cells.
Inhibition of cell communication through gap junctions does not impair neuron formation
Direct cytoplasmic coupling via gap junctions, the major form of cell-to-cell communication both in vivo and in vitro, was suspected to play some role in the observed effects. Gap junction communication between NE-4C cells was demonstrated by visualising the spread of biocytin from loaded cells into their neighbours and also by identifying gap junction structures by electron microscopy (EM) (Fig. 5) . EM studies revealed heptalaminar, gap junction-like (Brightman and Reese, 1969) structures (Fig. 5c ) in all (initial, aggregation and migration) phases of early neuronal induction. Loading single cells with biocytin resulted in the spreading of the stain over a group of about 10 to 20 cells (Fig. 5a ) within 5 minutes.
Functional communication via gap junctions was disrupted by treatment with 18b-glycyrrhetinic acid (GRA) and carbenoxolone (CRX), the reversible chemical blockers of gap junction channel function (Davidson et al., 1986; Davidson and Baumgarten, 1988) . GRA and CRX in concentrations equal or higher than 50 mM were toxic when applied for periods longer than 24 hours (data not shown). In 25 mM concentration, the gap junction blockers had no measurable toxic effects even when applied continuously for 8 days (data not shown). The spread of biocytin was completely blocked by treatment with 25 mM GRA (Fig. 5b) . The rate of discoupling was evaluated also by recording the membrane conductivity of cells located in coupled clusters using whole cell current (Fig. 5d ) and voltageclamp method (Fig. 5e) . In response to short-term (0.5 to 1 min) treatment with CRX or GRA, a marked decrease in the conductivity was detected (Fig. 5d, e) . The effect was reversible and reproducible. In order to evaluate the effects of discoupling the gap junction communication on the formation of neurons, the cultures were treated with 25 mM GRA or CRX for 2 or 8 days and were analysed by immunocytochemical methods on the 8 th day after RA-induced neurogenesis (Fig. 4c) . The Ntubulin content of the cultures was measured by in situ ELISA, and the cells displaying neuron-specific nuclear antigen (NeuN) were counted. GRA or CRX (25 mM) failed to cause any alterations in the rate of neuron formation even when applied during the entire neurogenetic period (Fig. 4c) or added directly in the aggregation phase of neuronal induction (data not shown). 
Discussion
According to our observations, concerted action of RA with local cellular interactions was inevitable for the in vitro neuron formation by either NE-4C cells or PCC-7 embryonic carcinoma cells (Imrik and Madara ¬ sz, 1991) . The treatment with RA or the establishment of physical close contacts between the cells per se did not promote neuronal commitment of NE-4C cells. Moreover, aggregation alone impaired the viability, while the presence of RA prevented the death of cells inside the aggregates. Non-induced cells did not aggregate, but a 24-hour exposure of cells to RA was enough to initiate the spontaneous formation of cell aggregates in cultures seeded above a critical density (25 000 cells/cm 2 ). The underlying molecular mechanisms are not clear.
As one of the possible regulatory components, the communication through gap junctions was investigated in early phases of in vitro induced neurogenesis of NE-4C cells. Gap junctions were present during the whole period investigated. Blocking gap junction communication with high concentrations of glycyrrethinic acid (GRA) and its synthetic analogue carbenoxolone (CRX) was reported to highly reduce the rate of neurogenesis in human and mouse embryonic teratocarcinoma cell lines (Bani-Yaghoub et al., 1999a, b) . The high concentrations of gap junction channel blockers used by these authors killed the NE-4C cells. Some lower, non-toxic concentrations of GRA, however, were enough to disconnect the cells. Rather unexpectedly, the gap junction blockers at these concentrations failed to exert any effects on neuron formation, even when applied for 8 days continuously. Unfortunately, we do not have data on the half-life of GRA or CRX in the fluid environment of the cells. The daily repeated administration of the blockers, however, would be expected to influence neuron formation even if the effective concentrations were maintained only for limited periods. The lack of effects suggests that saccadic communication via gap junctions may provide satisfactory coupling for survival and neuron formation by NE-4C cells. Alternatively, the data may indicate ± at least in the NE-4C cell line ± that direct cytoplasmic coupling plays a less significant role in neural cell fate decision than expected.
Our data indicate that the molecular composition of cell surfaces changed rapidly in response to RA. The decrease in epithelial cadherin in response to RA, and the accumulation of N-CAM (Schlett et al., 2000) within the aggregates were parts of such changes. Our present and earlier (Schlett et al., 2000) findings suggest that RA treatment interferes with the actual set of cell adhesion molecules. Through this effect RA can promote aggregate formation and can improve the viability of cells establishing close contacts with each other.
The formation of transient aggregates by RA-treated cells in the initial and aggregation phases of neuronal commitment proved to be necessary for the progression of neurogenesis. Preventing the aggregate formation and disrupting the cell connections in this period impaired seriously the neuron production of NE-4C cells. These observations indicate that cellular interactions resembling the phenomenon of ™lateral induction∫ (Rooke and Xu, 1998 ) might work inside the compact cell clusters. Differentiation in neighbouring cells can be initiated either by short-distance-acting secreted molecules or by contact interactions.
Disrupting cell connections on the 4 th day after induction, on the other hand, indicated that contacts between already committed progenitor cells hindered the formation of novel neurons. The phenomenon resembles the mechanism called ™lateral inhibition∫ first described in Drosophila (Muskavitch, 1994) and discovered also in the course of neurogenesis in a number of vertebrates (Chan and Jan, 1999) . The contact signalling between differentiating cells may explain the observation that not all ± but a maximum of 40 to 50 percent ± of the cloned and equally induced NE-4C cells gave rise to neurons. In vitro induced neurogenesis of NE-4C cells provides a good model to study the significance and mechanisms of ™lateral effects∫ in neural cell fate decision.
